The impact of the Tibetan Plateau uplift on the Asian monsoons and inland arid climates is an 13 important but also controversial question in studies of paleoenvironmental change during the 14 Cenozoic. In order to achieve a good understanding of the background for the formation of the 15
INTRODUCTION 38
The Asian monsoons and arid climates are closely related to global change and, to a large 39 extent, determine the formation and development of various Asian environments [1, 2] atmosphere and ocean are coupled once every day. FAMOUS is structurally almost identical to 158
HadCM3, and produces climate and climate-change simulations that are reasonably similar to 159
HadCM3 but runs much faster. This characteristic is particularly useful for long runs of 160 paleoclimate simulations, for which HadCM3 is too expensive in terms of computing time and 161 resources. More details of the description of FAMOUS and the simulated climates are documented 162 in Smith et al. [45, 46] . The two experiments described in this study have been run with the 163 standard pre-industrial setup of FAMOUS [45] with an atmospheric CO2 concentration of 280 164 ppmv. One experiment has the present-day land-ocean mask and topography (abbreviated as 165 "OROG" for the name of the experiment); and the other has the same land-ocean mask and 166 idealized, uniform land surface characteristics as the OROG, but with global orography height set 167 to 0 (abbreviated as "FLAT" for the name of the experiment). Both of these experiments have 168 highly idealized, globally uniform land surface characteristics (albedo, roughness length etc.) to 169 highlight the impact of the orographic changes. Both experiments have been run for 1000 years 170 and the last 100 year mean results are used in this paper. We mainly focus on the distributions of 171 the Asian monsoon regions and arid zones in the following analysis. 172 173 5
Asian monsoon regions 174
The characteristics of precipitation of monsoon climates are mostly reflected in the seasonal 175 cycle of alternating rainy and dry seasons during the year. In reference to Wang and Ding [47] , we 176 first define the monsoon regions in the Eastern Hemisphere for the OROG and FLAT experiments 177 using the rainfall seasonality. Specifically, we define monsoon regions as places where the 178 difference in rainfall between summer (rainy season, as June-July-August (JJA) for Northern 179
Hemisphere (NH) and December-January-February (DJF) for Southern Hemisphere (SH)) and 180 winter (dry season, as DJF for NH and JJA for SH) is greater than 200 mm, and where the 181 percentage of summer to annual total rainfall is greater than 40%. Regions with summer-winter 182 rainfall difference greater than 400 mm can be considered as the typical monsoon regions. Based 183 on this definition, for the OROG experiment representing the present-day condition with global 184 topography (Fig. 1a) , the simulated typical monsoon regions are mostly found in the northern Australia (north of 20°S). For the typical monsoon regions where rainy-dry season rainfall 198 differences are greater than 400 mm, rainy-season rainfall all exceeds 40% of the annual totals and 199 it may reach 70% or higher in the core regions (Fig. 1a) Under the condition of zero global topography (Fig. 1b) where summer rainfall accounts for 45-60% of the annual total (Fig. 1b) . 215
According to the traditional definition of monsoons, they should be characterized by a 216 seasonal reversal of dominating winds [21, 48] , which lead to wet summers and dry winters. In 217 order to visually interpret the seasonal changes of the dominant winds from the FLAT experiment 218 representing the zero-topography condition, we mapped the simulated NH winter (DJF) and 219 summer (JJA) 1000 hPa wind vectors (Fig. 2) . In the NH winter (Fig. 2a) , the wind field from 220
Africa to East Asia is very similar to typical planetary wind belts, with the regions south of 30°N 221 mostly being dominated by northeasterly winds. In the NH summer (Fig. 2b) , however, the 222 regions south of 20°N from Africa to South and Southeast Asia and those south of 30°N in East 223 Asia are mostly dominated by southwesterly winds. With such seasonal changes in the wind field 224 across the Asian continent, the winter-summer dominant wind direction differences are greater 225 than 120° for the central and southern Indian subcontinent, Indochina, and southern China (south 226 of the Yangtze River) (as shaded areas in Fig. 2 ). Obviously, these tropical monsoon phenomena 227 as shown in Fig. 1b are attributable to the seasonal oscillation of the ITCZ. We also noted that 228 across the entire Eurasia, there is a narrow W-E running belt north and east of the Lake Baikal 229 with prominent seasonal wind reversal (Fig. 2 ). This region is located along the northern margin 230 of mid-latitude westerlies in winter, while in summer it is influenced by easterly winds in the 231 northern part of the continental low pressure system. This narrow belt with seasonal reversal of the 232 dominant surface winds matches the aforementioned upper mid-latitude quasi-monsoon belt 233 centered at 55-60°N, defined earlier using seasonality of precipitation. 
Continental arid zones 248
Aridity results from the presence of dry descending air and a lack of moisture, which lead to 249 the lack of clouds and precipitation. Aridity arises from a number of general causes acting 250 individually or working together, for example, atmospheric high pressure zones, continentality, 251 rain shadows, and cold ocean currents [49, 50] . At the regional scale, the causes of aridity mainly 252 include continentality that depends on distances from large water bodies or oceans, rain 253 barrier/rain shadow effects of mountains, or cold oceanic surface currents that create stable 254 atmosphere and divert rain-laden air away from coastlines. At the continental or global scale, 255 relatively extensive aridity results from subtropical high-pressure zones related to the downward 256 branches of the Hadley Cells. The descending branches forms zones of elevated sea-level pressure 257 respectively. 276 9 zone corresponding to the ITCZ is located in the tropical regions south of the equator (Fig. 3a) . 277
During the NH summer (Fig. 3b) , due to the heating of the Eurasian continent, there is a strong 278 warm-core surface low pressure over the land mass, with the center located near the Lake Baikal 279 at approximately 55°N. This low pressure over land extends to the south and interrupted the 280 continuity of the subtropical-high belt over the Eurasian continent, while over the oceans the 281 northern extent of the subtropical high-pressure cells can reach 40°N or even further north in the 282 Pacific (Fig. 3b) . At the same time, the subtropical high-pressure belt in the SH is centered near 283 30°S, extending from southern Africa to central Australia. For the annual average SLP (Fig. 3c) , 284 the NH subtropical high-pressure belt extends from North Africa to East Asia, centered near 30°N 285
and there is a low-pressure zone extending W-E centered near 55°N. The latitudes in-between are 286 controlled by the westerlies, while the latitudes north of 55°N are dominated by the polar 287 easterlies. In the SH, the subtropical high-pressure belt is centered near 30°S. Instead of a monsoon circulation, these regions are dominated by widespread and persistent 299 subtropical high pressures and the associated circulation patterns that create the low-to 300 mid-latitude arid zone in Asia. Additionally, arid and semi-arid regions are also found in 301 southwestern South Africa, central and southern Australia, and the northern margin of Eurasia. 302 303
DISCUSSION AND PERSPECTIVES 304
In this section, we integrate the above results from the AOGCM simulations with previous 305 relevant simulation and observation studies and discuss the establishment of the Asian monsoons 306 and development of Asian inland arid climates in the Cenozoic. After summarizing the 307 uncertainties in the current knowledge, we will propose some research questions worthy of 308 in-depth study in the future. 309 310
Formation of the Asian monsoons and inland aridity 311
From the above experiment of zero global topography in a coupled AOGCM we have 312 It is worth noting that there may have been a narrow quasi-monsoon zone running across the 336 upper mid-latitude Eurasia (50-65°N), especially in central and southern Siberia before the TP 337 uplift according to our simulation results (Fig. 1b) . This region is characterized by a summer rainy 338 season with prominent seasonality. In its core region at 55-60°N, the directions of the winter and 339 summer dominating winds are nearly opposite (Fig. 2) , fitting the traditional definition of the 340 monsoon climate. Therefore, to certain extent this region can be considered as having a weak 341 monsoon climate. However, it should be pointed out that at these relatively high latitudes, the 342 winds that bring moisture to produce summer precipitation are not originated from the tropical 343 North China, and enhanced dust cycles in these regions during the Cenozoic. 369
Comparisons with bio-geological data 370
Our numerical experiments, thus, have generated some clear insights with regards to the 371 Cenozoic evolution of the Asian climate pattern of dry-wet conditions. Prior to the TP uplift, 372 typical monsoonal climates are only found in the tropical regions. Across the Asian continent, 373 monsoons prevail in the central and southern Indian subcontinent and Indochina, connecting to the 374 weak monsoon regions in southwestern, southern, and eastern China (Fig. 1b) . Typical monsoons 375 are also found in the tropical Africa and northern Australia. These monsoon phenomena have been 376
resulted from the insolation-induced seasonal shifts of the ITCZ. On the contrary, a 377 similar-to-present monsoon pattern is observed in the model outputs corresponding to a 378 modern-topography scenario with an elevated Tibetan Plateau (Fig. 1a) . These results are highly 379 consistent with the available geological evidence in South Asia (e.g., [69, 70] ) and reconstructions 380 of the Cenozoic paleoenvironmental patterns based on bio-geological data from China 381 [14,15,71,72]. Sediment records from northeastern India show that the SAM was already 382 established by the late Oligocene with an intensity similar to that of today [69] . The fossil wood of 383
Myanmar also shows that the Bengal Bay experienced a significant monsoonal regime as early as 384 40 Ma ago [70] . The monsoonal regions in the low-latitudes prior to the TP uplift, as shown in our 385 experiments (Fig. 1b) , are consistent with the relatively humid conditions in southern China from 386 the Paleogene to the Oligocene as documented by the bio-geological data [14, 15] (Fig. 4a,b) . 387
Because the cause of these low-latitude monsoons is attributed to the seasonal oscillation of the 388 ITCZ, their presence could be traced back to the very early Earth history when these low-latitude 389 land masses drifted to the present latitudinal positions [15] . 390
As for the Asian drylands under the condition of zero global topography, our experiments 391 show a roughly zonal and continuous arid and semi-arid belt prior to the TP uplift, which is 392 located between 20°N and 40°N extending from North Africa to East China, with the core regions 393 near 30°N. This dry belt is clearly attributable to the NH subtropical high-pressure zone. In 394 contrast, such a continental low-latitude dry belt disappears in the scenario after the TP uplift. 395
Meanwhile, central Asia including northwestern China becomes drier. The dry conditions in 396 central Asia after the TP uplift are no longer linked with the subtropical high. The simulated zonal 397 dry belt before the TP uplift (Fig. 3c ) is highly consistent with the semi-arid zone defined by the 398 bio-geological indicators with Paleogene ages within China (Fig. 4a,b) [14, 15] . The somewhat 399 boarder dry belt shown by the bio-geological data may be caused by the latitudinal shifts of the 400 dry zone in response to the changing global boundary conditions, such that the actual dry belt at 401 any given time should be narrower [15] . This kind of aridity distribution, referred to as 402 "planetary-type dry lands", is linkable without any doubts with the NH subtropical high-pressure 403 zone. Given that the presence of the subtropical high is relatively independent of any specific 404 topography conditions, such distribution of aridity could also be traced back to much earlier 405 history of the Earth when continents were present in the subtropical latitudes [15] . Miocene.
414
The results of numerical experiments in this study for the scenario with global topography are 415 also in agreements with the Cenozoic paleoenvironmental patterns (Fig. 4) [14, 15] . The most 416 prominent features in our model outputs include the reinforced Asian summer monsoon 417 circulations prevailing in the low-and mid-latitudes of Asia and expanded monsoon regions over 418
East Asia (Fig. 1a) . This is strongly supported by the boi-gelogical data [15] showing a drastic 419 humidification in eastern China since the early Neogene (Fig. 4c) . Similarly, the simulated dry 420 climate in central Asia is consistent with the dry conditions documented by the bio-geological data 421 climates and inland deserts in Asia. Thus, from both modeling and bio-geological data 428 perspectives, the low-latitude monsoons prior to the TP uplift are conceptually different from the 429 present-day Asian monsoons that prevail not only in the low-latitude continents, but also in the 430 mid-latitude Asia close to the position of the NH westerlies. Similarly, the subtropical high 431 controlled aridity in Asia before the TP uplift also radically differs, in both origin and concept, 432 from the present-day dry lands in central Asia, which are independent of the subtropical high. Our 433 results suggest that any studies of the subject should consider these crucial conceptual differences. 434
Otherwise, controversies could arise simply because the discussed concepts of the monsoons and 435 aridity are different. 436 greenhouse gas concentrations, mostly caused by enhanced moisture convergence, the monsoon 502 circulation intensity itself will be weakened. This means that the effects of changing atmospheric 503 CO2 concentration on the Asian monsoons before the TP uplift should also be examined in detail. 504
Additionally, making things even more complex, the palaeogeography related to plate tectonics 505 has been recognized as a key factor controlling the long-term evolution of the atmospheric CO2 506 through its capability of modulating the efficiency of silicate weathering and the climate 507 sensitivity to atmospheric CO2 [83] . Consequently, the modulation of changing atmospheric CO2 508 to the development of the Asian monsoons during geologic time has been identified as an 509 important area for further research. 510
Finally, in view of the current limited knowledge and the importance in understanding the 511 distribution of the Asian monsoon and arid regions before the TP uplift as the foundation for the 512 study of the impact of the TP uplift on spatial patterns of climates in Asia, there is much more to 513 accomplish in areas of numerical simulation and analysis of geological records. This is especially 514 true in terms of cross-comparison and integration of the simulation results and geological evidence. 515
For example, regarding the question of whether the EAM existed before the Miocene, or if it 516 indeed existed back then, its spatial range and intensity are still open for answers. From the 517 modeling perspective, the emergence of the SAM should be earlier than that of the EAM, which, 518 however, still lacks supporting geological evidence at the present. Unless the paleoelevation of the 519 TP was sufficiently high in the Paleocene-Eocene period, the EAM system would not have been 520 established at a much earlier time than the Miocene. For future studies, in the Tertiary before the 521 TP uplift or when the plateau elevation was still low, the question of whether there existed a 522 quasi-monsoon zone in the mid-to high-latitudes of Eurasia, separated from the tropical and 523 subtropical circulations, also requires cross-validation using relevant geological records. Although 
